Background
Introduction
The wingless (Wnt) signaling pathway regulates a multitude of essential cellular processes during embryonic development [1] and well-orchestrated Wnt signaling is necessary for proper heart formation [2] . Wnt activity is normally low and tightly regulated in the adult organism [3] , but when dysregulated upon pathological stress or injury, both hypo-and hyper-activity of Wnt signaling has been associated with a wide variety of clinical diseases, including cardiovascular (CV) disorders [4] [5] [6] [7] [8] . Secreted modulators regulate both canonical (β-catenin dependent) and non-canonical (β-catenin independent) Wnt signaling at the surface membrane. The secreted frizzled related proteins (sFRPs) bind directly to Wnt ligands in the extracellular space, potentially interfering with both canonical and non-canonical Wnt pathways [9, 10] . Several experimental studies have indicated beneficial effects of sFRP1 and sFRP2 on myocardial remodeling [10] [11] [12] [13] [14] [15] , but few studies have examined the role of sFRP3 in these processes. We recently reported increased left ventricular (LV) mRNA levels of sFRP3 and non-canonical Wnt ligands in end-stage clinical heart failure (HF), with reversible expression patterns upon hemodynamic unloading following LV assist device treatment [16] . In vitro, we identified increased LV wall tension as a potential activator of sFRP3 expression and release. However, a definitive role of sFRP3 in HF development and progression remains unconfirmed.
Secreted Wnt modulators (e.g. sFRP3) are measurable in the systemic circulation and elevated serum and plasma levels have been associated with disease progression and response to therapy in both atherosclerosis and malignant disease [7, 17, 18] . In a recent report we found an association between serum sFRP3 levels and mortality in a large HF population of mixed etiology, i.e. the GISSI-HF-HF trial [16] . In the present study we investigated the prognostic significance of circulating sFRP3 in patients with chronic systolic HF population of purely ischemic etiology, i.e. a sub-study of patients enrolled in the Controlled Rosuvastatin Multinational Trial in HF (CORONA) [19] .
Methods

Patients and Study Procedures
Clinical trials identifier: NCT00206310. The trial complied with the Declaration of Helsinki and was approved by the Ethics Committees of the participating hospitals. All patients provided written informed consent. Ethics committee/institutional review board: Regional Etiksprövningskommitten I Göteborg, Sahlgrenska Akademin, Mediniargatan 3, Plan 5. Diary number: Ö284-03.
The name of the ethics committees from any of the participating hospitals (378) can be provided on request. Name of study locations are added at the bottom. The design and principal findings of CORONA have been reported in detail [19] . Briefly, patients 60 years of age with chronic HF attributed to ischemic heart disease, defined as (i) medical history or ECG signs of myocardial infarction (MI) or (ii) other data suggesting an ischemic etiology (e.g. wall motion disturbances on echocardiography or history of other occlusive atherosclerotic disease [i.e. earlier stroke, intermittent claudication, percutaneous coronary intervention (PCI)]), who were in New York Heart Association (NYHA) class II-IV, with a LV ejection fraction (LVEF) 40% (35% if NYHA II), were eligible for inclusion. All patients provided written informed consent. Patients (n = 1444) were randomly assigned to rosuvastatin 10 mg/day (n = 727) or matching placebo (n = 717), once-daily. The present study was an optional, predefined substudy of the main CORONA trial which included patients from centers capable of collecting the necessary blood samples. Although in general similar to the main CORONA study, there were some modest statistical differences in the baseline characteristics between this sub-study and the complete study population as reported previously [20] .
Study outcomes and definitions
The primary predefined outcome was the composite of death from CV causes, non-fatal MI, and non-fatal stroke, analyzed as time to the first event. The secondary predefined outcomes were a) all-cause mortality, b) CV mortality (including cause-specific CV death), c) any coronary event (defined as sudden death, fatal or non-fatal MI, performance of PCI or coronary artery bypass graft surgery [CABG] , ventricular defibrillation by an implantable cardioverterdefibrillator [ICD], resuscitation from cardiac arrest, or hospitalization for unstable angina pectoris), d) the number of hospitalizations for CV causes, and e) hospitalization for worsening HF (WHF). The definition and adjudication of all outcomes have been described in detail previously, as have data on C-reactive protein (CRP) and N-terminal pro-B-type natriuretic peptide (NT-proBNP) [19, [21] [22] [23] .
Blood sampling and biochemical analyses sFRP3 was measured from blood samples taken after an overnight fast. All other blood samples were non-fasting and analyzed on fresh samples at a central laboratory (Medical Research Laboratories, Zaventem, Belgium). NT-proBNP was analyzed using commercially available assay (Roche Diagnostics, Basel, Switzerland). An immunonephelometric high-sensitivity method was used to measure CRP (Dade Behring, Atterbury, UK; sensitivity 0.04 mg/L). Serum sFRP3 was measured by enzyme immunoassay (R&D Systems, Minneapolis, MN) as validated previously [16] .
Statistical analysis
For all baseline variables, differences between middle-tertile sFRP3 values and the combination of the highest-and lowest tertile were tested with Student's t-test for normally distributed variables, Fisher's exact test for categorical data, and Wilcoxon rank-sum test for non-normally distributed variables. Trends over sFRP3 tertiles were tested with the Cuzick extension of the Wilcoxon rank-sum test, and all baseline variables with a p-value for trend <0.05 were included in a multivariable analysis to identify degree of association with sFRP3. All survival analyses were conducted using the Cox proportional hazard regression model. A restricted cubic spline (RCS) analysis with three knots was undertaken on the outcome all-cause mortality to assess linearity of risk. The RCS analysis revealed a U-shaped curve with lower risk for patients in the middle tertile of sFRP3 concentration corresponding approximately to the pattern seen in Kaplan-Meier plots for all-cause and CV mortality. Therefore, in multivariate analyses, sFRP3 was included as a categorical (by tertiles) variable to a version of the three stage model described elsewhere [23] , which included mainly clinical variables at step one (LVEF, NYHA class, age, body mass index [BMI], diabetes mellitus [DM], sex, intermittent claudication, and heart rate [HR]). At step two, estimated glomerular filtration rate (eGFR) and apolipoprotein (Apo) B/ApoA-1 ratio were included in the model, and finally, at stage 3, the logtransformed serum concentrations of NT-proBNP and CRP were included. Harrel's C-statistic was calculated for all endpoints using the full model with and without sFRP3, and the difference between the C-statistics was estimated. We implemented a jack-knife cross-validation approach to correct for over-optimism associated with validating a model in the same material from which it is developed. In this approach predictions for each observation were obtained from models developed on the remaining observations. These cross-validated probabilities were used to calculate jack-knife C-statistics. Calculation of the net reclassification improvement (NRI) is increasingly being used to evaluate the prognostic usefulness of a biomarker [24] . When no established risk categories exist, the use of a category-free NRI has been advocated [25] . We therefore calculated the category-free NRI after adding sFRP3 to the full model. Confidence intervals and p-values for NRI were determined by boot-strapping with 2000 repetitions. A two-sided p-value <0.05 was considered to be significant, except for interaction terms, for which p-values <0.10 were accepted. All statistical analyses were performed using STATA version 11 for Windows (StataCorp, College Station, TX). The authors had full access to and take responsibility for the integrity of the data. All authors have read and agreed to the manuscript as written.
Results
Serum concentrations of sFRP3 were measured at baseline in 1444 patients. Patient characteristics according to tertile values of sFRP3 are shown in Table 1 . Patients in the top tertile of sFRP3 were more likely to be in atrial fibrillation (AF), take digoxin and had more frequent intermittent claudication. They also had higher NT-proBNP, more use of diuretics and aldosterone antagonists and had slightly worse NYHA functional classification. In addition patients in the top tertile smoked less, had lower total cholesterol levels and lower renal function. Patients in the middle sFRP3 tertile had higher LVEF and significantly lower CRP levels than patients in the top and bottom tertiles. LVEF and CRP were the only variables associated with having sFRP3 in the second tertile in a logistic regression analysis, but with very modest correlation coefficients (r = 0.02, p = 0.034 and r = 0.12, p = 0.012 respectively).
sFRP3 levels and association with outcomes
During a median follow-up of 955 (inter-quartile range 817-1103) days, 421 patients died. Kaplan-Meier plots for the primary end point, as well as for all-cause and CV mortality revealed a markedly poorer outcome for patients in the highest and lowest tertile of sFRP3 concentration compared to the middle tertile (Fig 1) . A restricted cubic spline analysis confirmed non-linearity of risk, with a U-shaped curve corresponding approximately to a tertile division of the patient population. Subsequent analyses were therefore undertaken on sFRP3 tertiles. Unadjusted Cox proportional hazard regression models displayed significant associations between baseline sFRP3 levels and the primary endpoint, all-cause and CV mortality, sudden death and coronary events ( Table 2 ). The hazard ratios varied from 0.76 for coronary events to 0.64 for death from CV causes. Baseline sFRP3 was not associated with death from WHF or hospitalizations, irrespective of cause (Table 2) . When adjusting for demographic variables (step 1) in a three step multivariable analysis, sFRP3 was still associated with the primary endpoint, all-cause mortality, death due to CV cause, sudden death and coronary events ( Table 2 ). These associations remained significant after adjusting for ApoB/ApoA-1 ratio and eGFR (step 2). When correcting for NT-proBNP and CRP (step 3), sFRP3 remained a strong predictor for the primary endpoint, overall mortality, death from CV cause, sudden death and coronary events, with little change in hazard ratios from the unadjusted model ( Table 2 ). As seen in Table 3 , addition of sFRP3 in the multivariable analyses did not alter the effects of other variables, suggesting incremental value of sFRP3 and a non-competing relation to conventional risk factors. This finding is further underscored by highly significant continuous net reclassification improvements (NRI) for the primary endpoint (NRI 0.26, p<0.0001), all-cause mortality (NRI 0.28, p<0.000001), death from CV cause (NRI 0.31, p<0.000001), as well as for coronary events (NRI 0.24, p<0.0001) and sudden death (NRI 0.25, p = 0.002) when sFRP3 was added to the fully adjusted models (Table 2) . However, the isolated discriminatory properties of sFRP3 were limited ( Table 4 ), indicating that sFRP3 measurements, at present, are mostly of interest in multi-marker risk models and from a mechanistic point of view.
Comparison with the GISSI-HF-HF trial
These finding are in contrast to a recent study from our group demonstrating a linear increase in risk for outcome in 1202 HF patients with mixed etiology from the GISSI-HF-HF trial [16] . When evaluating the association between sFRP3 and outcome in patients with ischemic etiology in the GISSI-HF trial, a similar association was observed in patients <70 years of age with ischemic etiology (n = 345, Fig 2A) , as when all patients in GISSI-HF with both etiologies were included. However, when looking at patients >70 years of age with ischemic etiology (n = 261), no association was observed (Fig 2B) , in contrast to non-ischemic patients aged >70 years (n = 215, Fig 2C) . In addition, when applying the tertile limits derived from the GISSI-HF population on the CORONA population we found a similar stepwise association with outcome (i.e. all-cause and CV mortality) as observed in GISSI-HF, although weaker ( Fig 2D) .
Effect of rosuvastatin treatment on sFRP3 levels and clinical outcomes
Serum sFRP3 concentrations were similar at baseline and three month follow up (continuous variable) both in patients assigned to placebo (n = 717) or rosuvastatin (n = 727). An interaction of sFRP3 and treatment group was not observed for any endpoints.
Discussion
In this post-hoc analysis from CORONA we found serum concentrations of sFRP3 to be associated with fatal outcomes in a large population of elderly patients with chronic systolic HF of in C index between fully adjusted model with and without inclusion of sFRP3, corresponding (p-value). Net Reclassification Improvement (NRI); calculated from C-indexes for fully adjusted models with and without inclusion of sFRP3, corresponding (p-value). Unadjusted (n = 1444). The models are adjusted as follows:
Step 1 (n = 1441): Ejection fraction, New York Heart Association functional class, age, body mass index, diabetes mellitus, sex, intermittent claudication and heart rate.
Step 2 (n = 1428): All variables from Step 1 as well as ApoB/Apo A-1 ratio and estimated glomerular filtration rate.
Step 3 (1194): all variables from Step 2 as well as C-reactive protein and amino-terminal pro B-type natriuretic peptide. CV, cardiovascular; WHF, worsening heart failure.
doi:10.1371/journal.pone.0133970.t002 Table 3 . Effect of sFRP3 on the association between other predictors and outcome. ischemic origin, with a significantly worse prognosis for patients in the first and third tertiles as opposed to those in the second tertile. Hazard ratios attributed to mid-tertile sFRP3 values remained significant and stable for the primary endpoint, all-cause-and CV mortality, sudden death and coronary events also after adjusting for established risk factors, including NTproBNP and CRP, in a step-wise fashion. These data suggest a biphasic association between sFRP3 and outcome in the CORONA population with high and low levels associated with a poorer prognosis. We have previously shown elevated sFRP3 levels in the GISSI-HF-HF population of both ischemic and non-ischemic etiologies [16] , with unfavorable prognosis associated with increasing sFRP3 concentrations. Recently, Motiwala et al. assessed the predictive value of sFRP3 in 142 patients with HF [26] and found no significant association with mortality, although a trend towards higher levels in patients with a CV event was observed (p = 0.10). Furthermore, no survival analysis was performed and the HF populations differed markedly in size, demographics, endpoint definition and follow-up period making it difficult to compare the studies. Compared to our finding in the GISSI-HF-HF trial [16] , the current study partly contradicts these findings by demonstrating a non-linear association between sFRP3 and outcomes in the CORONA population. This discrepancy may partly be explained by different characteristics of the study populations. The CORONA population had substantially lower functional capacity, with~70% of the patients being in NYHA III-IV compared to 26% in GISSI-HF-HF. Moreover, the CORONA study included only patients with reduced LVEF while patients with both reduced and preserved LVEF were included in GISSI-HF-HF, and kidney function was also lower in the CORONA cohort (eGFR 57 vs. 69 mL/min/1.73m
2 ). The CORONA population consisted of older patients (71.8±6.9 vs. 66.3±10.8 years in GISSI-HF-HF) with HF of ischemic etiology, whereas the GISSI-HF-HF patients had HF of both ischemic and non-ischemic etiology. Indeed, when evaluating mortality in the GISSI-HF-HF trial stratified by etiology and age we found that in contrast to patients with ischemic HF <70 years who demonstrated a more linear association between sFRP3 and outcome, this association was not present in older patients (i.e. >70 years) with ischemic HF. Furthermore, although caution is needed when comparing circulating sFRP3 from different populations analyzed on separate occasions, sFRP3 levels were approximately 50% higher in GISSI-HF-HF compared to CORONA. Thus, the first tertile of GISSI-HF and the second tertile in CORONA had comparable levels and were associated with the best outcome, while tertile 3 in CORONA and tertile 2 and 3 in GISSI-HF represent a further increase in adverse events. Indeed, applying the tertile limits derived from the GISSI-HF population [16] on the CORONA population demonstrated a similar, although weaker, stepwise association with outcome as observed in GISSI-HF. The non-linear associations between sFRP3 levels and outcomes in this study might also be explained by inherent properties of Wnt signaling and the sFRP family of Wnt-modulators. A recent report from our group has indicated that secretion of sFRP3 might be a compensatory mechanism whereby the myocardium seeks to limit increased LV wall stress [16] . Thus, low levels of sFRP3 could reflect inadequate response to pathological Wnt activity following ischemic injury and increased inflammation and high levels of sFRP3 might represent an overshoot of repair mechanisms, which in itself might be deleterious. Patients with intermediate sFRP3 levels were characterized by lower CRP and higher LVEF suggesting that these patients were healthier. Fig 3 illustrates the possible mechanism linking release of sFRP3 during LV wall stress and a non-linear association with outcome. Also, others have reported biphasic effects of sFRPs, potentially reflecting their complex mechanisms of action [10, 27, 28] . For instance, [28] .
In the current study sFRP3 remained strongly associated with outcomes even after extensive multivariable adjustment, including NT-proBNP, with stable HRs and relatively high Wald scores. Adding sFRP3 to fully adjusted multivariable models produced highly significant NRIs for all fatal outcomes, except for death from WHF, as well as for the coronary endpoint. Although analyses of sFRP3 in the current cohort suggests a significant association with adverse prognosis, the use of the mid-tertile as a biomarker is, at least at present, not suitable for clinical use. Nonetheless, our findings indicate involvement of soluble Wnt modulators in the progression of clinical HF, with a potential complex interaction within the different members of the Wnt family. It is conceivable that a greater understanding of Wnt signaling in HF might provide us with new tools in the therapeutic armamentarium as both over-expression and exogenous administration of sFRPs reduces morbidity and mortality in murine MI models [12, 14] .
The present study examined multiple end points in a large HF population with a considerable number of events. However, for some subgroup analyses, including analyses of the endpoint Death from WHF and the interaction of sFRP3 with rosuvastatin, there were relatively few events and, therefore, these data should be interpreted cautiously. Our study was performed in trial patients of 60 years of age, with LV systolic dysfunction and ischemic heart disease. Thus, the results may not apply to all patients with HF. There are a number of other sFRP's and other Wnt antagonists that future studies should evaluate as predictors of adverse outcome in HF patients. The relatively poor association with established CV determinants, and current medications in our study, may imply that Wnt signaling is relatively unaffected by state of the art treatment regimens. Thus, the Wnt signaling pathway might represent an untapped therapeutic potential for HF modulation.
In conclusion, mid-tertile serum concentrations of sFRP3 were associated with reduced fatality in a large population of elderly patients with chronic systolic HF of ischemic origin. Hazard ratios attributed to mid-tertile sFRP3 values remained significant and stable also when Possible mechanism linking sFRP3 release during LV wall stress and non-linear association with survival. Increased wall stress [1] may induce the release of sFRP3 from fibroblasts [2] . Depending on concentration of sFRP3 [3] , this may lead to insufficient, balanced or excess inhibition of the Wnt [4] in the presence of inflammation and lead to a non-linear association with survival [5] .
doi:10.1371/journal.pone.0133970.g003
accounting for established risk factors, including NT-proBNP and CRP. Although the use of sFRP3 as a biomarker in clinical practice is premature, our findings support the involvement of Wnt signaling in HF progression and suggest that this novel pathway might represent an as yet unmodified mechanism in HF development.
